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We introduce a concept of semi-shunts representing needle shaped metallic protrusions shorter
than the distance between a device electrodes. Due to the lightening rod type of field enhancement,
they induce strong electron emission. We consider the corresponding signature effects in photovoltaic
applications; they are: low open circuit voltages and exponentially strong random device leakiness.
Comparing the proposed theory with our data for CdTe based solar cells, we conclude that stress
can stimulate semi-shunts’ growth making them shunting failure precursors. In the meantime,
controllable semi-shunts can play a positive role mitigating the back field effects in photovoltaics.
The detrimental role of shunts is known in many tech-
nologies ranging from microelectronics to large area pho-
tovoltaics (PV). The most widely known, ohmic shunts
are commonly attributed to metallic filaments forming
conductive pathways between the device electrodes. In
some cases, shunts exhibit the non-ohmic behavior de-
scribed as weak micro-diodes.1–3 Here we consider ’shunts
to be’ that are metallic in nature, but remain developed
only partially, not connecting the device electrodes as il-
lustrated in Fig. 1; we call them semi-shunts.
The existence of semi-shunts follows from the fact that
full shunts develop by growth, and during that process
their lengths are shorter than the inter-electrode dis-
tance, a < L. As an example, for a particular type of
shunts related to metal whiskers, the existence of broad
distribution of lengths is well established.4,5 A possible
role of semi-shunts in electronics has never been explored.
Here, we show that they can noticeably affect the device
characteristics, and that their signature features can be
used for diagnostic tests.
We model a semiconductor junction with the built in
electric field E0 in a uniform layer between two electrodes.
It contains a semi-shunt modeled as a half of a prolate
spheroid with semi-axes a and b ≪ a shown in Fig. 1;
assuming a cylinder shape leads to similar predictions.
Fig. 1 (b) illustrates a major physical effect by a semi-
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FIG. 1: (a) Sketch of a device with the full shunt (left) and
semi-shunt (right). (b) Sketch of the electric field distribution
in the semi-shunt proximity. The field E concentrates at its
tip, similar to the lighting rod effect; the uniform field far
away from the tip is relatively weak, E0 ≪ E .
shunt: local electric field enhancement near the shunt tip
similar to the well-known lightning-rod action.
A semi-spheroid on the electrode surface creates the
same potential as the full prolate spheroid formed by the
original and image half-spheroidal charges,6,7
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where e is the eccentricity and ξ is defined by
x2/(a2 + ξ) + r2/(b2 + ξ) = 1, (2)
x and r being respectively transversal (along the semi-
shunt axis) and radial (parallel to the electrode) coordi-
nates. The potential of Eq. (1) is illustrated in Fig. 2.
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FIG. 2: Left: Electric potential of Eq. (1); the flat portion
represents a quarter of metallic semi-shunt. Right: electric
potential along x-axis for two different field strengths. Dashed
lines show the piecewise approximation of Eq. (4).
The field concentration effect is described by the en-
hancement factor α,
E = αE0 ≫ E0 α ≡ a2/(b2Λ)≫ 1. (3)
In what follows, we approximate the enhanced field re-
2gion by the linear term in the expansion of Eq. (1),
φ(r = 0) =


0 when 0 < x < a,
−Ex when a < x < a+ δ,
−E0x when a+ δ < x < L
(4)
where
δ ≡ a/α≪ a. (5)
Note that Eδ = E0a, i. e. the electric potential drop
across the δ-region equals that across the semi-shunt
length in the host material. Note also that the image
charges of the opposite electrode do not significantly af-
fect the field in Eq. (3) as long as the semi-shunt tip
remains at distance L− a≫ δ from it.
Corresponding to large α are small δ <∼ 10 nm (see
Table II below) allowing efficient quantum tunneling
through the enhanced field region. This understanding
is consistent with the observation that tens of nanome-
ters thin films form efficient tunnel junctions in PV.8–10
The exponentially enhanced electron emission rates make
semi-shunts effective field emission guns.11,12
More specifically, consider the triangular barrier of
width δ <∼ 10 nm and height VB = EF − Emin <∼ 1 eV in
Fig. 3. Here Emin = EF −Eqδ is the minimum excitation
energy allowing the electron tunneling through the region
of width δ, q is the elemental charge, and EF is the Fermi
level. For any practical values of parameters, the charac-
teristic tunneling exponent Smin ∼
√
mVBδ/~ <∼ 10 turns
out to be much smaller than the exponent VB/kT of the
probability of activation to the top of the barrier; hence,
tunneling at Emin prevailing.
Furthermore, tunneling is suppressed for electrons ac-
tivated below Emin because their corresponding barriers
are determined by the field E0 ≪ E with tunneling ex-
ponents S ∼ αSmin ≫ Smin. Therefore, semi-shunts pos-
sessing large enough α will provide saturation currents
with activation energy close to Emin.
The above decrease in activation energy is
EF − Emin = E0aq = min{(Vbi − V )aq/L, EF } (6)
where Vbi is the built-in potential, V is the external bias;
the Fermi energy limitation preserves the condition of
activated saturation current. The corresponding current-
voltage characteristic for not too negative V [cf. Eq. (6)]
can be presented in the form
I = I0
{
exp
[
qa(Vbi − V )
LkT
]} [
exp
(
qV
kT
)
− 1
]
− IL (7)
where IL is the photocurrent, and
I0 ≡ I00 exp (−EF /kT ) , I00 = const, (8)
The criterion of large enough α will be given below.
Examples of such IV curves are shown in Fig. 4. Their
characteristic parameters are: the open circuit voltage,
Voc ≈ kTL
q(L− a) ln
(
IL
I0
)
−
(
Vbia
L− a
)
, (9)
Emin
L
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FIG. 3: The energy band diagram of a structure with semi-
shunt. The solid horizontal domains show the conduction and
valence band edges tangent to the semi-shunt. The solid lines
at x > a represent these edges at the semi-shunt axis (cf. Fig.
2). The double dot dash lines represent them in the absence
of semi-shunt. EF is the Fermi energy, E is the activation
energy, G is the semiconductor forbidden gap. The arrows
represent thermally activated tunneling.
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FIG. 4: Current voltage characteristics of Eq. (7) with pa-
rameters Vbi = 1.1 eV, q/kT = 30/V, I00 = 10
−8 mA/cm2,
and IL = 20 mA/cm
2. Figures by the curves show percent
values of the relative semi-shunt lengths a/L.
the open circuit and short circuit resistances,
Roc =
kTL
qIL(L− a) , Rsc = Roc
IL
I0
exp
(
−qVbia
kTL
)
.
(10)
The following observations are worth mentioning.
(1) Semi-shunts create IV characteristics with decreased
Voc yet not significantly affecting the short circuit cur-
rent and flatness of IV curves in the proximity of V = 0,
unlike ohmic shunts. Such characteristics have been pre-
viously attributed to weak diodes,1–3,15 the microscopic
nature of which remained an open question. Our consid-
3TABLE I: Shunt independent parameters of a typical CdTe
based solar cell.1,13 D is the cell diameter, and ρ is the sheet
resistance; other parameters are defined in the text. The value
of Vbi greater than Voc, but smaller than G is assumed.
L, T , m, Voc, IL, Vbi ET ρ, D,
µm K g V mA/cm2 V kV/cm Ohm / cm
3 300 10−27 0.8 20 1.1 260 10 1
eration here shows that the weak diode behavior can be
caused by semi-shunts.
(2) A rather insignificant effect of semi-shunts on Roc can
be masked by other factors.
(3) Rsc is exponentially affected by semi-shunts. The
exponential dispersion in Rsc reflecting semi-shunt ran-
domness can be used for diagnostic purposes.
(4) Under negative bias, V <∼ Vbi−VocL/a, IV curves ex-
hibit exponential fall off. That feature can be suppressed
by the limitation of Eq. (6), i. e. V > Vbi − EFL/qa
governed by other device parameters.
To establish the domain of applicability of the above
results, we consider the case when the barrier width δ is
not small enough to allow efficient tunneling at energy
Emin. In that case, the electrons overcome a barrier via
thermally activated tunneling16 at energy E > Emin in
Fig. 3. The product of probabilities of activation and
tunneling through the triangular barrier17 determines the
partial electric current,
IE ∝ exp
[
− E
kT
− 4
3
√
2m(EF − E)
~
EF − E
Eq
]
. (11)
It can be optimized to give the most efficient activation
energy E and its corresponding barrier width,
E = EF −
(
~Eq√
8mkT
)2
, xT =
~
2Eq
8m(kT )2
. (12)
This yields
IT
I0
= exp
( E
ET
)2
= exp
( E0
E0T
)2
= exp
(
Vbi − V
V0T
)2
(13)
with
ET ≡
√
24m(kT )3
~q
, E0T = ET
α
, V0T = E0TL. (14)
The condition xT = δ determines the maximum field
and current,
E0δ ≡ 8m(kT )
2a
~2qα2
, (IT )max = I0 exp
[( E0δ
E0T
)2]
. (15)
Finally, the inequality (IT )max ≫ I0 translates into the
limitation on the enhancement factor,
α≪ αc ≡
√
8kTma2
3~2
. (16)
Our results in Eqs. (6)-(10) belong to the region of α≫
αc. Using thr parameters from Table I yields αc ≈ 1000.
In the region of α ≪ αc, Eq. (13) leads to the IV
characteristic
I = I0
{
exp
[
(Vbi − V )2
V 20T
]}[
exp
(
qV
kT
)
− 1
]
−IL. (17)
Based on the latter, it is straightforward to derive closed
form equations for Voc, Roc, and Rsc, analogous to that
in Eqs. (9)-(10); we skip them here as they present much
weaker effects than that for the region of α≫ αc.
Table II, illustrates various parameters related to four
different semi-shunts in a cell described in Table I. The
cases #1 and #4 belong to the region of weak semi-
shunts, α ≪ αc, while the cases #2 and #3 present
significant semi-shunts with α ≫ αc. Its is worth not-
ing that the enhancement factor (i. e. the aspect ratio)
rather than the shunt length is the parameter that deter-
mines the significance of semi-shunts.
TABLE II: Examples of the characteristic fields, voltages, and
other parameters for four different semi-shunts.
# a, b, α E0T , δ, E0δ V0T , Voc,
µm nm kV/cm nm kV/cm V V
1 0.5 10 496 0.52 1 1.6 0.48 0.83
2 1.0 10 2347 0.11 0.42 0.15 0.042 0.65
3 1.5 10 4787 0.054 0.3 0.035 0.001 0.57
4 1.5 100 132 1.97 11.3 69 0.6 0.85
We have verified some of the above predictions using
our database of measurements of CdTe based solar cells
described in Ref. 1. In interpreting the data, it was
taken into account that every cell can have a variety of
different semi-shunts contributing to the cell’s Rsc. Be-
cause they are connected in parallel, the cell reciprocal
Rsc can be considered as a sum of large number of ran-
dom terms representing individual semi-shunt’s recipro-
cal R−1sc ’s. According to the cental limit theorem,
14 such
sums are Gaussian random quantities.
The Gaussian distributions of R−1sc were found indeed
for the database of fresh and light soaked cells as illus-
trated in Fig. 5. The observed correlation between Voc
and Rsc was not strong, which we attribute to the role
of other factors affecting Voc.
In addition, we found that the stressed cells exhibit on
average ≈ 30% higher R−1sc than the fresh cells. Simulta-
neously, the distribution width shrinks by ∼ 20% mostly
due to dwindling the region of non-leaky cells. As related
to semi-shunt lengths through Eq. (10), the observed de-
crease in Rsc translates in the growth rate da/dt ∼ 0.001
A˚/s, which is not unreasonable, being by two orders of
magnitude below that of the extensively growing metal
whiskers.4,5
Finally, we have occasionally observed IV curves ex-
hibiting reversible fall off at negative voltages ranging
from V ∼ −2 V to V ∼ −12 V. Stronger biasing and
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FIG. 5: Statistics of the short circuit conductances R−1sc in the
range from 26 Ohm to 15 kOhm, extracted from a database
of 1020 CdTe based solar cells described in Ref. 1, as grown
(left) and after 28 days under light soak (right). The solid
lines represent Gaussian fits.
multiple cycling along the reversible fall off portion of
IV often led to irreversible damage. This is in general
agreement with the above developed semi-shunt theory.
For example the fall off at V=-3 V corresponds to the
semi-shunt length a ≈ 0.2L.
Since the semi-shunt growth kinetics fall beyond the
current scope, here, we limit ourselves to pointing again
to the analogy with the lightning rod effect. It suggests
the possibility of local electric discharges detrimental to
device stability; hence, semi-shunts serving as precursors
of local device failures.
A comment is in order regarding the case of strong
field emission by semi-shunts. Depending on the host
parameters, it could create space charge limited currents
(SLC). The related nontrivial questions about the multi-
dimensional SLC in semiconductors (not solved enough
even for vacuum plasma18), SLC under the condition of
nano - and micro-structures, etc., remain beyond this
paper frameworks.
The above consideration has revolved around detri-
mental effects of semi-shunts, such as Voc degradation
and device leakiness. On the other hand, semi-shunts
can be benign when they develop in and remain limited to
the region of back contact. Such semi-shunts will provide
the tunneling mechanism of overcoming the known detri-
mental back barrier (back field) effect.13,15 This opens
a venue of purposely engineering the benign semi-shunts
at device back surfaces, through, e. g., use of suitable
metals and back contact recipes.
In conclusion, we have introduced the concept of semi-
shunts as partial metal protrusions and described their
effects on device performance. Their signature features,
such as the weak diode type of IV characteristics and ex-
ponential dispersion of short circuit resistances, can be
used for device screening against complete shunting fail-
ure. In addition, purposely engineering semi-shunts on
device back contact can help improve device performance
by overcoming the back field effects.
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